The TRiC/CCTchaperonin is a 1-MDa hetero-oligomer of 16 subunits that assists the folding of proteins in eukaryotes. Low-resolution structural studies confirmed the TRiC particle to be composed of two stacked octameric rings enclosing a folding cavity. The exact arrangement of the different proteins in the rings underlies the functionality of TRiC and is likely to be conserved across all eukaryotes. Yet despite its importance it has not been determined conclusively, mainly because the different subunits appear nearly identical under low resolution. This work successfully addresses the arrangement problem by the emerging technique of cross-linking, mass spectrometry, and modeling. We cross-linked TRiC under native conditions with a cross-linker that is primarily reactive toward exposed lysine side chains that are spatially close in the context of the particle. Following digestion and mass spectrometry we were able to identify over 60 lysine pairs that underwent crosslinking, thus providing distance restraints between specific residues in the complex. Independently of the cross-link set, we constructed 40,320 (¼8 factorial) computational models of the TRiC particle, which exhaustively enumerate all the possible arrangements of the different subunits. When we assessed the compatibility of each model with the cross-link set, we discovered that one specific model is significantly more compatible than any other model. Furthermore, bootstrapping analysis confirmed that this model is 10 times more likely to result from this cross-link set than the next best-fitting model. Our subunit arrangement is very different than any of the previously reported models and changes the context of existing and future findings on TRiC.
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group II chaperonins | protein folding | violation distances I n eukaryotes and archaea the folding of nascent and mis-folded polypeptide chains is assisted by a group II chaperonin system known as the thermosome in archea and TRiC (or CCT) in eukaryotes (1) . These large protein complexes consist of two stacked octameric rings (2) with flexible integral lids that can open and close through a cycle of ATP binding and hydrolysis (3) . The open state of the complex binds the polypeptide substrate (4, 5) , whereupon closing the substrate is sequestered into a large interior cavity where folding can occur. TRiC has been implicated in the folding pathways of many cytosolic proteins (6) , most notably actin and tubulin (7, 8) .
Many archaeal species have just one thermosome gene and a simple homo-oligomeric architecture (9) . Other archaeal species have at most three different types of subunits, and there is evidence that the multiple genes are redundant (10) . In stark contrast, the eukaryotic TRiC consists of eight different subunit types (CCT1 to CCT8), all of which are essential. The subunit specialization occurred very early in eukaryote evolution (11) and is conserved to such an extent that the sequence identity between mammalian and yeast subunits of the same type is nearly 60%, whereas the sequence identity between the different subunit types in the same organism is only 30%. The diversity of eight distinct subunits allows for specific substrate binding modes (4, 12, 13) as well as other cycle-related activities such as differential ATP hydrolysis (14, 15) .
Underlying the TRiC functionality is a defined particle arrangement where each ring is composed of all eight subunits in a precise order (16) , and the upper and lower rings are stacked in specific registration. This defined architecture puts the substrate binding in a precise spatial context and confers fidelity to substrate folding. Despite its great functional importance, the subunit arrangement in TRiC has not been demonstrated conclusively. TRiC is very refractory to crystallization and a high-resolution crystal structure of the complex is not available. Due to their high sequence similarity, the different subunits look nearly identical in lower-resolution studies (3, 17, 18) and make reliable identification especially difficult. An alternative biochemical approach that analyzed the content of spontaneously occurring TRiC fragments (19) suggested a possible ring arrangement that has not been reaffirmed so far. Furthermore, all previous suggestions for the particle arrangement are completely incompatible with our recent inter-subunit interface analysis that is based on evolutionary conservation (20) .
An emerging structure determination technique that has the potential to conclusively determine the subunit order in TRiC is cross-linking coupled with mass spectrometry (MS) (21, 22) . In this technique, the complex is incubated under native conditions with a cross-linker that is capable of forming specific covalent bonds with side chains on the surface of the complex. Next, the complex is digested and submitted to MS analysis, with a fraction of the peptides still linked in pairs by cross-linkers. These linked peptides are identified by detailed analysis of the MS data, and the specific residues that are cross-linked are determined to be in close spatial proximity in the intact complex. It is this structural information that guides molecular modeling.
Recent advances in MS instrumentation and the availability of analysis software have contributed to a growing number of studies where this method is being applied. At the same time, the complexity and size of the investigated protein complexes increased (23, 24) , with recent studies probing the 600 kDa PolIIF transcription system (25) and the intact proteasome (26) . The combination of the technique with particle reconstruction by cryo-EM appears to be especially powerful because the cross-link data is helpful in assigning specific subunits to unassigned electron density.
Previous cross-linking studies took two different approaches in transforming the cross-links into a model. For simpler systems involving cross-linking of a pair of proteins, multiple docking models were derived and then filtered by the cross-link sets (23, 27) . However, studies of more complex systems with multiple proteins only reported a single model in very coarse terms (24, 25) . The latter approach is understandable given the great computational complexity of modeling such large systems but clearly has the disadvantage of not allowing one to gauge the confidence in the reported model compared to alternative models. Here we propose a third approach, termed combinatorial homology modeling, to resolve this issue and allow the best model to be determined with appropriate confidence limits. In this approach we model exhaustively all the 40,320 (¼8 factorial or 8!) possible arrangements of TRiC and compare each one against the crosslinking data. Such comparison objectively points toward the model or models that best fit the data while at the same time giving a confidence measure of how better they are over the alternatives.
This work reports on the successful application of cross-linking, MS, and combinatorial homology modeling to the subunit arrangement problem in TRiC. We were able to identify over 60 cross-links in our MS data, and through combinatorial homology modeling we prove that only a single subunit arrangement is compatible with them. To our surprise this arrangement is very different from what has been previously suggested. We show it is compatible with many aspects of the evidence that is available so far on the TRiC architecture. Finally, we thoroughly discuss the prospects of using cross-linking and combinatorial modeling in other systems beside TRiC.
Results
Cross-Linking and MS Analysis. We incubated a sample of close-state TRiC with nonlabeled BS3 cross-linker under native conditions. The cross-linked complex was then denatured, digested with trypsin, and submitted to MS analysis. Both ends of BS3 reacts predominantly with the primary amines in lysine side-chains and the N termini of polypeptide chains. The significantly weaker reactivity toward other residue types (28) was not considered in this study. The specificities of the cross-linking and digestion reactions allowed us to compile a list of all possible pairs of crosslinked peptides expected from the TRiC complex. We then compared this list to the MS data in search of entries that fit the data well in both their expected MS1 and MS/MS fragmentation spectra (Fig. 1A) . With more than 100 million possibilities for crosslinked peptide pairs, we run the serious risk that a good fit with the MS data might occur frequently by chance. A powerful advantage of the MS analysis pipeline is its ability to provide a reliable estimate of the false positive rate given the set of sequences and the raw MS data. To that end, the analysis pipeline is repeated with erroneous cross-linker masses or with the correct mass but with the sequences reversed (29, 30) . Fig. 1B shows that a change of just a few Daltons to the cross-linker mass leads to a sharp drop in the number of matches passing our selection criteria (range 0-4, median 2). Thus, at an MS/MS score (S MS2 ) threshold of 0.5 our analysis is estimated to have approximately two false positives (3% rate). Similar estimates of false positive rates for thresholds of 0.4 and 0.35 were 9% and 12.5%, respectively. We opted to work at the regime of fewer false positives and used the 0.5 threshold on the MS/MS score.
Our analysis found 63 peptide pairs (Table S1 ) that passed the fit criteria to the MS data. This set consists of 27 pairs where the two peptides are of different subunits and 36 pairs where both peptides are of the same subunit. However, throughout this work we allow for the possibility that some of the latter pairs originate from two subunits with the same sequence on different rings. Peptides from each of the eight TRiC genes are represented in the cross-link set, although with different frequencies. The most represented subunit is CCT6(ζ) with 40 appearances, while CCT2 (β) and CCT5(ϵ) only appear six times each. The variability in the representation of specific lysines is also quite large with K530 in CCT6(ζ) and K24 in CCT4(δ) appearing seven times, while many other lysine residues appear just once.
Combinatorial Modeling of TRiC. The eight genes of TRiC are highly homologous (typical sequence identity of 38%) to those of simpler archaeal chaperonins whose close-state structures were solved by either high-resolution crystallography (2) or cryo-EM (9) . Moreover, a recent cryo-EM study of TRiC itself has shown the close-state of TRiC to be highly similar to that of the archaeal chaperonins (17) . Thus, we can expect homology modeling to faithfully represent the closed-state TRiC particle. We used straightforward homology modeling to get the backbone model of any TRiC subunit at any position in the particle. Hence, we can model a full particle with any consistency of the 16 subunits. Our models cover most of the TRiC sequences except for up to 20 residues at the N and C termini of each subunit, which are unstructured in the template. Any cross-link with either of its crosslinked lysine residues occurring in an unstructured part of the model was discarded. A list of the remaining cross-links between different subunits is shown in Fig. 2 .
In TRiC each ring contains all the eight genes in an unknown but precise order, and both rings have identical gene order (16) . Under these premises the total number of ways to arrange the 16 subunits of TRiC is 40,320 (7! different ring arrangements and eight different registrations of the ring stacking). This number, although high, is within the scope of current computing, and we were able to build a backbone model for every possible particle The data analysis identified 63 cross-links above our confidence criteria of S MS2 ≥ 0.5 (central "0"-bar). When the analysis is repeated with small, deliberate errors in the cross-linker mass or with the reversed sequences (REV), very few cross-links are identified above this confidence threshold. The false positive rate (dashed line) for these specific dataset, sequences and threshold can be estimated to be 3% or about two cross-links. Lower S MS2 thresholds will lead to more true positives (Fig. 2 ) but also to a rapid increase in the false positive rate.
arrangement. On a specific full-particle model (arrangement), any cross-link can be assigned a distance between the C α atoms of the cross-linked lysine residues. Previous studies of crosslinked proteins with known crystal structures have established that this distance is less than 28Ǻ for most cross-links with few instances being as high as 33Ǻ because of local protein flexibility (21, 25, 31) . These numbers are in complete accord with the cross-linker length plus twice the length of the lysine side chain. Here, we define an arrangement to be in violation of a cross-link if the corresponding C α atoms are more than 28Ǻ apart and the violation distance as the C α -C α distance minus 28Ǻ. Accordingly, the extent to which the entire cross-link set is consistent with an arrangement is defined by two measures: the tally of individual violations and the sum of their violation distances. Fig. 3 shows the values of these two measures on every one of the 40,320 possible TRiC arrangements. The distributions of these values reveal that a single arrangement stands out above the rest as having the highest consistency with the cross-link set. We will refer to The column headers are r for the rank in this list, S1 for the name of the first subunit in the crosslink, R1 for the lysine residue in S1, S2 and R2 for the name and position of the second subunit, S MS2 is the MS/MS fit score (see text), ppm is the mass error of the precursor ion in parts per million, Q is the ion charge, M is the molecular mass of the ion rounded to the nearest dalton, d12 is the distance between the C α atoms of the cross-linked lysine residues R1 and R2 in the OMS model of TRiC (Fig. 4) .
b The most likely cross-linked lysine is underlined in Peptide 1 and Peptide 2.
c This one cross-link was included in spite of its low MS/MS fit score (0.32) as there are at least four identified MS/MS fragmentation sites on each peptide. d The last cross-link marked in pink highlight is not used in any analysis. The inset on the right shows that the six most reliable unique cross-links between subunit pairs: BD, AG, BE, AD, GZ and QZ assemble to ring arrangement EBDAGZQH, the correct arrangement (after rotation), without need for any modeling. Modeling we do here is essential to show this arrangement is unique and statistically significant. Fig. 3 . Assessment of fit between model and the inter-subunit cross-link dataset in A, for each of the 40,320 full-particle models representing all the possible arrangements of TRiC. Two measures of fit are used for each model: (y axis) the Number of Violations (cross-links in the set spanning more than 28Ǻ on the model) and (x axis) the Sum of Violation Distances above 28Ǻ for these violating cross-links. Top and right panels plot the histograms of these measures across arrangements (in gray), with histograms of the log-counts (orange) to show the small number of high-fitting arrangements. A single arrangement stands above the rest in quality of fit (pink star) and is referred to in this work as the optimal mass-spectrometry arrangement (OMS). The second and third best-fitting arrangements (pink circles) are the OMS arrangement with an inter-ring registration shift of one subunit in either directions (P1 and M1). In B we show the arrangements previously found using electron microscopy: LFC (17) and X-ray crystallography: PW (18) . It is easier to visualize the subunit arrangements by treating the TRiC sphere as a cylinder and then unwrapping the subunit names to form an 2 × 8 array. We rotate TRiC so that subunit A is on the upper left. In keeping with our previous work (20) , we use Latin letters for the Greek letters used to name the TRiC subunits as follows:
this arrangement as the "optimal mass-spectrometry arrangement" (OMS) from here on, and its subunit order is shown in Fig. 4C . We also note that the center panel in Fig. 3 is "funneled" toward the OMS arrangement in the sense that its lower-left part is enriched with arrangements that are highly similar to it. For example, the arrangements with the second and third lowest sums of their violation distances have the same ring order as the OMS arrangement and a one subunit shift (in either direction) in the inter-ring registration (termed M1 and P1).
We employed bootstrapping to quantify the significance of the OMS arrangement over other arrangements with good fit to the 63 cross-link dataset. To that aim, we randomly redrew with repeats from the original dataset a new dataset with identical size, ran the combinatorial modeling analysis, and recorded the arrangement that had the best fit. We repeated this step 1,000 times and found that the OMS arrangement had the best fit in 743 (P1 ¼ 74%) of the steps. The arrangement ranking second in the number of best fits came on top in only 74 of the steps (P2 ¼ 7.4%). Thus, we can estimate that the OMS arrangement is at least 10 times (¼P1∕P2) more likely to be consistent with the dataset than the any other arrangement and 2.9 times (¼P1∕ð1-P1Þ) more likely to be consistent than all the other arrangements combined.
The OMS Arrangement. In the cross-link set, 52 of the cross-links are between lysine residues corresponding to structured parts in the template and can therefore be assigned with a distance on the OMS arrangement model (Table S1 ). Six (11%) of these are defined as violations with distance values of: 29.9Ǻ, 30.8Ǻ, 32.7Ǻ, 34.1Ǻ, 36.2Ǻ, and 49Ǻ. The distance histogram of the entire set ( Fig. 5) suggests that the last violation is very likely to be a misassignment of the MS data, a number consistent with our false positive analysis. The other five violations are less likely to be misassignments and more likely report on flexibilities in the TRiC complex that are not accounted for by our model. Indeed, three of these five violations involve residues from the flexible N termini of three different subunits. The remaining two violations both involve K317 in CCT6(ζ) and can both be resolved if the apical domain of CCT6(ζ) is rotated slightly.
Discussion
TRiC Architecture. In this work we cross-linked TRiC under native conditions and made efforts to use low cross-linker concentration (Fig. S1 ). We therefore have no reason to suspect that the crosslinking had seriously deformed the particle or otherwise altered its subunit order. TRiC presents a special circumstance in which the overall shape of the particle as well as the structures of each of its subunits can be modeled reliably to high accuracy, yet the subunit order is unknown. Under these premises we were able to model all the 40,320 possible subunit arrangements and compare the consistency of each of them with the cross-link dataset without any bias. This comparison revealed that one arrangement is significantly more consistent with the dataset than the rest, and bootstrapping analysis had quantified the chance of such a "best fit" to occur by random as low. We are therefore confident that the OMS arrangement (Fig. 4C) is in fact the native subunit arrangement of TRiC.
We were surprised to find the native subunit arrangement to be so different from previously suggested models (16) (17) (18) (19) . Yet some of the previously published data certainly support our new model. We have previously reported (20) , based on evolutionary conservation of the subunit interfaces, that subunits CCT3(γ) and CCT6(ζ) are very likely to appear in that order within the ring as indeed they do in the top arrangement. Two other recent structural studies, one in cryo-EM (17) and the other in crystallography (18) , independently showed that the twofold symmetry axis of the particle put two subunits within each ring on top of their homotypic counterparts in the opposite ring. In the OMS model, we see such abutting for subunits CCT2(β) and CCT6(ζ). Finally, our inter-ring registration is consistent with three-dimensional particle reconstructions of TRiC obtained by cryoelectron microscopy with attached monoclonal antibodies (16) .
Combinatorial Homology Modeling. Cross-linking and MS currently give only a small set of low-resolution structural clues on any complex of interest. Thus, unlike NMR, de novo structure determination is not possible and external structural information is required for a meaningful model. Previous cross-linking studies inherently suffered from lack of high-resolution knowledge on the subunit structures (25, 32) , their interfacing modes (23) (24) (25) , overall shape of the complex (24, 25, 33) or combinations of these factors. In the TRiC system all these factors are known to a much higher resolution than the maximum cross-linking length (approximately 28Ǻ). Consequently, this study exhaustively evaluated all the subunit arrangements, whereas previous studies were limited to a small sampling of the conformation space (23, 27) or even just to a single model (25) . The merits of combinatorial modeling are evident: The top ranking model is chosen without bias, and its significance over the alternatives is clearly quantified. In contrast, with previous studies it was very hard to assess how much the cross-link set validated the model as opposed to guide its formation. It was also not ascertained that alternative models do not exist. The ability to perform combinatorial modeling is enabling smaller cross-link sets to produce more informative models. The cross-link set we report here is larger than most of the datasets recently published. Yet it is dwarfed in comparison with the number of all possible cross-links that span less than 30Ǻ in the OMS arrangement model, which is about 2,000 ( Fig. 5 and Fig. S2 ). Remarkably, combinatorial modeling is able to reveal the complex TRiC architecture with this tiny sample of the cross-link space.
Combinatorial modeling of the TRiC system offers a unique opportunity to investigate the interplay between the false positive rate (a function of the MS/MS score threshold) and the quality of the resulting model. To that end, we plot the P1/P2 value of the bootstrapping analysis as a function of the number of cross-links in the dataset (Fig. 6) . The ability to discriminate the OMS arrangement from the next candidate peaks close to the dataset size of 63 that we used. The highest P1/P2 values of 12.8 and 12.4 occur with 58 and 65 cross-links, respectively; this indicates that our choice for false positive rate was close to optimal. Interestingly, for just slightly larger datasets, the P1/P2 ratio deteriorates rapidly. We conclude that false positive rates of 5% or higher are undesirable.
The favorable circumstances for combinatorial modeling that occur in TRiC are by no means unique. For example, the AAA-ATP ring module of the S19 regulatory fraction of the proteasome (26) shows similar circumstances with the availability of an overall cryo-EM density map and reliable homology models for each subunit in the ring. Yet ambiguity exists in the ring arrangement and its registration to the S20 subunit. In an even broader context, we foresee that combinatorial modeling will be applicable to a growing number of assemblies with less regular architectures. The drive for this growth is the improvement in the resolution of cryo-EM density maps of large complexes. Such maps show clearly defined borders for many of their constituent subunits. Yet the resolution is still too low to identify the subunits with confidence based on secondary structures or other clues from their folds. Because the folds of most subunits can usually be modeled reliably by homology, an enumeration of all the possibilities to dock each into the density map may be tractable.
Methods
Cross-Linking. Bovine TRiC was purified as described (34) . One hundred eighty μg of the purified complex were transferred into 60 μL of HEPES buffer (20 mM HEPES-KOH pH ¼ 7.5, 50 mM KCl, 5 mM MgCl, 10% glycerol). The complex was arrested in the closed state by incubation with 1 mM ATP, 2.5 mM AlðNO 3 Þ 3 , and 15 mM NaF at 37°C for 10 min (3). Bis (sulfosuccinimidyl) suberate (BS3, 2 mg, no-weigh format, Thermo Fisher Scientific) was freshly dissolved into HEPES buffer without glycerol and immediately added to the TRiC sample at 2 mM final concentration. The cross-linking reaction proceeded on ice for 2 h and was quenched by ammonium bicarbonate at 25 mM final concentration. The solution was dialyzed (molecular weight cutoff of 20,000) overnight against HEPES buffer, and submitted for digestion and MS.
MS Analysis. Full methods of the MS preparation, measurement, and analysis appear in SI Text. Briefly, the mass of each precursor ion was compared to the list of possible cross-linked species. Matching candidates within a mass tolerance of 6 ppm were further analyzed for MS/MS fit. The expected b and y series were compared to the measured MS/MS spectrum with the same 6-ppm tolerance. The MS/MS score is S MS2 ¼ # matching b and y fragments lengthðpeptide 1Þ þ lengthðpeptide 2Þ :
A candidate match is assigned to a specific cross-link entry if (i) the S MS2 ≥ 0.5 or at least four matching b or y fragments occur on each of the two peptides, and (ii) no other match is available with the same quality of fit.
Combinatorial Modeling. The distance in a structural model assigned to a cross-link is taken as the C α -C α distance between the two cross-linked lysine residues. Because every subunit occurs twice in the TRiC particle, the distance between a particular pair of lysine residues is calculated between subunits within a ring as well as between the same subunits on different rings. The shorter of the two distances is assigned as the cross-link distance in the particular model. Two measures are used to score the fit of a model to the cross-link set: (i) the total number of violations, which occur when the C α -C α distance between the two cross-linked lysine residues exceeds 28Ǻ; (ii) the sum of violation distances, defined as the cross-link distance minus 28Ǻ for violations and zero otherwise. The dependency of the number of violations on the distance threshold defining a violation is shown in Fig. S3 .
Combinatorial modeling follows ref. 20 . The eight subunits in any ring can be arranged in 7! ways. By convention we start with the A or α subunit (CCT1) and then can place the second subunit in seven ways, the third in six ways, etc. The lower ring is assumed to have the same subunit ordering as the upper ring. In forming the arrangement of the 16 subunit TRiC particle, each of the eight subunits in the lower ring can be placed below the A subunit of the upper ring so that the total number of arrangements is 8 × 7! ¼ 8! ¼ 40;320. Subunit structures and position in the particle followed straightforward homology modeling from the template structure, PDB ID code 1Q3R (35) , using manually curated alignments between the TRiC and thermosome sequences (Dataset S1). Very minor changes to the deposited TRiC sequences (SI Text and Table S2 ) were made following MS analysis of post translational modifications on native TRiC..
By scoring all 40,320 models against the cross-links, we can obtain the arrangement or arrangements that have the best score. Our confidence in this particular best arrangement will depend on how much better it fits than the second best arrangement. We evaluate this using the bootstrapping method (36) to generate an artificial set of cross-links selected randomly and with duplications from the original measured set. On average, this is equivalent to randomly deleting 37% (1∕e) of the cross-link dataset and replacing the deleted entries with duplications of the remaining cross-links chosen by random. The new dataset is then the basis for a complete scoring of all the possible models. The procedure is repeated (typically 1,000 times) and the number of times that each arrangement scores best is counted. The probability or frequency of this best model is termed P1, while the probability of the second best model is termed P2.
Note. The subunit arrangement in OMS is definitively confirmed by our ongoing Sentinel Correlation Analysis and refinement of the X-ray data from ref. 18 .
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SI Methods
Optimal Cross-Linking Concentration. In designing the cross-linking procedure, our main concern was finding the minimal BS3 concentration that would still provide sufficient inter-subunit crosslinking. To achieve this, we cross-linked mmCPN, the archaeal group II chaperonin from Methanococcus Maripaludis, with increasing BS3 concentrations. The recombinant mmCPN complex is homo-oligomeric and available in larger quantities than TRiC; it is highly homologous to TRiC in sequence and overall architecture (1) and is expected to cross-link in a similar manner. We assessed the cross-linking performance by running the crosslinked mmCPN on agarose-SDS gel (Fig. S1 ). As expected, very high cross-linker concentrations caused all the 16 subunits to travel in a single band, indicating that cross-linking probability is high enough to ensure every subunit participates in at least one inter-subunit cross-link. The lowest BS3 concentration for which a clear single band occurred was 2 mM final concentration, and we used this value to cross-link TRiC. Interestingly, Chen et al. (2) found nearly the same value to be optimal under similar criterions on a completely different system, suggesting that this value may be suitable for any large protein complex.
Mass Spectrometry. The cross-linked complex was precipitated by acetone at −80°C, centrifuged at 10,000 rpm, 4°C for 10 min. The supernatant was discarded and the precipitated protein dried in a SpeedVac. The protein was reconstituted in 15 μL 8 M Urea, 50 mM ammonium bicarbonate, pH 8.0 and 20 μL of 0.25% protease max (Promega) in 50 mM ammonium bicarbonate pH 8.0. The sample was reduced with 50 mM DTT at 55°C for 30 min and then alkylated with 100 mM propionamide for 30 min at room temperature. Digestion volume was adjusted to keep the Urea concentration to less than 1 M, and trypsin was added at a 1∶50 enzyme to protein ratio. Digestion occurred overnight at 37°C, after which the reaction was quenched by the addition of 10 μL 50% formic acid water. The peptides were further purified and enriched using an in-house packed stage-tips (3).
We used 10% of the digest without further processing for LC-MS/MS. The other 90% of the digest was fractionated by strong cation exchange chromatography (200 × 2.1 mm Poly SUL-FOETHYLA column; Poly LC) as described by Chen et al. (2) . Fractionation followed a monotonically increasing gradient from solvent A (5 mM KH 2 PO 4 , 10% acetonitrile, pH 3.0) to solvent B (solvent A with 1 M KCl). Solvent B values of 0%, 9%, 18%, 36%, and 100% were reached at times of 0 min, 10 min, 15 min, 18 min, and 22 min, respectively. The flow rate was 200 μL∕ min and fractions were collected every 1 min. Fractions eluting at KCl concentrations of 80 mM and higher were retained and desalted using stage-tips for subsequent LC-MS/MS analysis (on a Thermo LTQ-Orbitrap Velos instrument).
Peptides were first loaded onto a POROS trap column at a flow rate of 10 μL∕ min and subsequently onto a self packed C18 analytical reversed phase column (150 uM ID × 12 cm length) at a flow rate of 600 nL∕ min following a linear gradient going from 2% acetonitrile in 0.1% formic acid to 35% acetonitrile in 0.1% formic acid in 160 min. We used the Orbitrap to detect both the peptides and their fragments at high resolution. A charge state of 3þ and higher was used to trigger the MS/MS analysis followed by dynamic exclusion of 60 s with a 20 ppm exclusion mass window. HCD was performed on the top eight most intense precursor ions meeting the predefined qualities, and the repeat count was two.
Sequences, Alignments, and Modeling. Bovine TRiC sample without cross-linking was digested and subjected to standard proteomic analysis. The analysis confirmed the presence of all the eight different TRiC subunits as well as substantial amounts of the CCT6 isoform2 subunit, residual tubulin (both alpha and beta), and residual actin. Posttranslation modification analysis revealed that the N termini of most subunits are modified and found additional minor changes in other parts of the sequences (see sections ahead for a complete list). We used all the 12 different sequences found in the sample during the MS data analysis (eight TRiC chains, CTT6 isoform2, alpha and beta tubulin and actin) in generating the list of all possible cross-links. However, high confidence cross-links were identified only within the standard eight TRiC sequences.
The structures of several archaeal class II chaperonins are known by either X-ray crystallography (4, 5) or cryo-EM (1). These simpler systems share high sequence identity with all the eight sequences of TRiC (range 30-42%, median 38%), making high-accuracy homology modeling extremely likely. The closestate thermosome structure from Thermococcus strain KS-1 (PDB ID code 1Q3R) was our template of choice, because it is homo-oligomeric and presents more structured residues than any other template. ClustalW generated the multiple sequence alignment between the TRiC and thermosome sequences (Dataset S1). Manual correction of the alignment at four regions involving beta-sheet strands was required. We used SEGMOD (6) to generate the homology models with their internal insertions and deletions. The long stretches of residues missing from the template at the N and C termini were not modeled.
MS Data Analysis. In-silico trypsin digestion gave an initial digest list of all the possible peptides with the following parameters: (i) up to four missed cleavages; (ii) fixed modification to cystines (proponamide); (iii) variable modifications to methionines (oxidation), N termini (acetylation), and lysines (BS3 monolink reacted with water or ammonia). The sequences of the eight TRiC subunits, CCT6-isoform2, tubulin alpha and beta, and actin were used in the generation of the digest list. The list of all the possible cross-linked species was taken as all pairs of lysine residues and N termini from the initial digest list (including self pairs). The raw MS data was converted into MGF format using MassMatrix (7) . The mass of each precursor ion was compared to the list of possible cross-linked species. Matching candidates within a mass tolerance of 6 ppm were further analyzed for MS/MS fit. The expected b and y series were compared to the measured MS/MS spectrum with the same 6 ppm tolerance. The b1 and y1 fragments of the cross-linked peptides were not used. The MS/MS-score assigned to a candidate match is S MS2 ¼ # matching b fragments and y fragments lengthðpeptide 1Þ þ lengthðpeptide 2Þ :
After the MS/MS scores of all the candidate matches were assessed, a precursor ion is assigned with a specific cross-link entry in the list if three conditions are fulfilled: (i) This entry had the highest MS/MS-score of all the other candidate matches to that ion. If two entries have the same top MS/MS-score, the entire precursor ion is discarded. (ii) The MS/MS-score is higher than 0.5 or at least four matching b or y fragments occur on each of the two peptides. (iii) The MS1 peak cannot be assigned to a single (non-cross-linked) peptide under similar matching criteria. The resulting list of cross-links is subjected to a final filtering step to check for identical lysine pairs originating from alternative trypsin digestion sites: only the occurrence with highest MS/ MS-score is kept.
Change to Sequences. From the UniProt database (8) we retrieved  the following entries: TCPA_BOVIN, TCPB_BOVIN, TCPG_  BOVIN, TCPD_BOVIN, TCPE_BOVIN, TCPZ_BOVIN,  TCPW_BOVIN, TCPH_BOVIN , and TCPQ_BOVIN as our working sequence base for subunits: CCT1(α), CCT2(β), CCT3 (γ), CCT4(δ), CCT5(ϵ), CCT6(ζ), CCT6 isoform 2, CCT7(η), and CCT8(θ), respectively. Proteomic analysis of TRiC without cross-linking identified peptides from all the nine different subunits, with average peptide coverage of 77%. Manual inspection of high-intensity peaks revealed a few minor corrections to the UniProt sequences, as well as posttranslational modifications. We list these alterations bellow. We emphasize that additional sequence-errors/modifications might have escaped our detection because: (i) The peptides containing them were not detected in the MS or (ii) they only occur in a small fraction of the particles.
A change of the residue type at position 510 in the CCT4(δ) subunit from Q to L resulted in a verified assignment to a highintensity peak:
MS1 error ½ppm ¼ 3.8 bb bbbbbbbb K 500 GGISNILEELVVQPLLVSVSALTLATETVR 530 yyyyyyyyyy yyy Interestingly, this sequence (L510) exists in NCBI-BLAST's nonredundant sequence database. Another residue type change at position 158 in the CCT4(δ) subunit from E to V also resulted in a verified assignment to a high-intensity peak. This sequence also exists in NCBI-BLAST's nonredundant sequence database:
Bovine Polymorphism. The TRiC sample was purified from a tissue pool of several animals and one could expect polymorphisms in the TRiC genes. We identified one polymorphism site (V∕I) at position 179 in the CCT6 isoform 2 subunit: MS1 error ½ppm ¼ 3.7 bb bbbbbbb V 160 HPQLADVLTEAVVDSVLAVR 180 yyyyyy y yyy MS1 error ½ppm ¼ 1.0 bbbbbbbbbb V 160 HPQLADVLTEAVVDSVLAIR 180 yyyyy yyyyy We chose to work with the first polymorph (V) in our MS analysis since its MS1 intensity was almost 10-fold higher, indicating higher prevalence.
Posttranslational Modifications in N Termini. Many high-intensity peaks were confidently assigned to modified N termini of the TRiC subunits (Table S2 ). The MS evidence for the these modifications is as follows: 
